Introduction
============

Ferrocene, bis(cyclopentadienyl) iron: Fe(C~5~H~5~)~2~; abbreviated as FcH in this article; the first synthesized \[[@B1-molecules-10-00708]\] organometallic sandwich compound and its derivatives belong to the general class of compounds known as the "metallocenes". The important chemical, physical and electrochemical properties as well as many important applications of metallocenes in technological fields \[[@B2-molecules-10-00708],[@B3-molecules-10-00708]\] have been recognized \[[@B3-molecules-10-00708],[@B4-molecules-10-00708],[@B5-molecules-10-00708],[@B6-molecules-10-00708],[@B7-molecules-10-00708],[@B8-molecules-10-00708],[@B9-molecules-10-00708]\]. Ferrocene and its some derivatives have been used: (i) as efficient mediators in different electron transfer processes \[[@B3-molecules-10-00708]\]; (ii) for the development of biosensors \[[@B3-molecules-10-00708]\]; (iii) for the synthesis of new materials of higher electrical conductivity using polymers \[[@B5-molecules-10-00708]\]; (iv) as efficient inhibitor of degradation, of certain polymer films, by sunlight \[[@B6-molecules-10-00708]\]; (v) for the preparations of charge-transfer compounds with organic solids \[[@B7-molecules-10-00708]\] etc.

In the past, spectroscopic properties of ferrocene have been studied extensively in the solution phase \[[@B10-molecules-10-00708],[@B11-molecules-10-00708],[@B12-molecules-10-00708],[@B13-molecules-10-00708],[@B14-molecules-10-00708],[@B15-molecules-10-00708],[@B16-molecules-10-00708],[@B17-molecules-10-00708]\] and special attention was paid to study the charge-transfer-to-solvent (CTTS) photochemistry of solution of ferrocene \[[@B10-molecules-10-00708],[@B14-molecules-10-00708],[@B16-molecules-10-00708]\] and ferrocene-based polymers \[[@B18-molecules-10-00708]\]. Such studies indicated photooxidation of ferrocene in halocarbon solvents. The photooxidation of ferrocene in CCl~4~-ethanol and CHCl~3~-ethanol solutions was investigated at few wavelengths only by Traverso *et al.* \[[@B14-molecules-10-00708]\]. Such studies in the solution phase were carried out in the case of other metallocenes also \[[@B17-molecules-10-00708]\].

Investigations on the solid-state electronic properties of organic as well as organometallic compounds are very active area of research in semiconductor science \[[@B19-molecules-10-00708],[@B20-molecules-10-00708]\]. These compounds offer interesting electronic, optical and mediator materials, whose properties can be suitably modified to apply in specific technologies. Earlier, in our laboratory, the effects of adsorption of vapors on the electrical conductivity of ferrocene and its derivatives \[[@B21-molecules-10-00708],[@B22-molecules-10-00708],[@B23-molecules-10-00708]\]; the effects of mechanical pressure on the adsorption-induced electrical conductivity of ferrocene and some of its derivatives \[[@B24-molecules-10-00708],[@B25-molecules-10-00708]\]; photoconductivity of ferrocenes and its derivatives \[[@B8-molecules-10-00708],[@B26-molecules-10-00708],[@B27-molecules-10-00708],[@B28-molecules-10-00708]\]; current oscillations in ferrocene and its derivatives \[[@B9-molecules-10-00708],[@B29-molecules-10-00708],[@B30-molecules-10-00708],[@B31-molecules-10-00708]\] were studied. Such studies have shown some interesting results e.g., adsorption-induced phase transition \[[@B21-molecules-10-00708],[@B22-molecules-10-00708],[@B23-molecules-10-00708]\]; unusual photoconductivity and photoinduced phase transition in these materials \[[@B8-molecules-10-00708],[@B26-molecules-10-00708],[@B27-molecules-10-00708],[@B28-molecules-10-00708]\]; current oscillations in the vapor-adsorbed state \[[@B9-molecules-10-00708],[@B29-molecules-10-00708],[@B30-molecules-10-00708],[@B31-molecules-10-00708]\] etc.

Because of the various important applications of metallocenes in technological fields and for their important electrical properties, a program was undertaken in our laboratory to study the possibility of photooxidation of metallocenes in a polymer matrix (film) containing halocarbon solvent molecules. The ultimate aim of such studies was to modulate the electrical properties of polymer films through the formation of charge-transfer complexes in the polymer matrix. Such types of electrically conducting polymeric systems (semiconductors) in the form of thin films could be useful for optoelectronic devices \[[@B32-molecules-10-00708]\].

To examine the photooxidation of metallocenes present in the solid polymer matrix containing halocarbon solvent molecules as impurities, a program was undertaken to study spectroscopically the effects of irradiation (UV-Vis) on the metallocene-doped poly(methyl methacrylate) thin films prepared from solvents chloroform and benzene and mixture of these solvents. Such films usually contain solvent molecules as impurities left over in the film after preparation and drying (depending on the heat treatment). For the present studies; ferrocene, its some derivatives e.g. ferrocenemethanol, ferrocenecarbaldehyde, ferrocenecarboxylic acid, acetylferrocene, ferroceneacetic acid, benzoyl-ferrocene etc. and other metallocenes having atomic number of the central metal atom close that of iron (26) \[e.g. cobaltocene (27), nickelocene (28)\] as well as much higher than that of iron such as ruthenocene were selected. Ruthenocene is an important metallocene and much attention has been paid to various aspects of studies on this compound i.e. studies on electronic distribution and bonding \[[@B33-molecules-10-00708]\], dipole polarizability \[[@B34-molecules-10-00708]\], additivity of fluorene substituent effects in ruthenocene ionization energies \[[@B35-molecules-10-00708]\], photoreactions in the solution phase \[[@B36-molecules-10-00708],[@B37-molecules-10-00708]\] etc. Reported results show that some spectroscopic properties of ruthenocene are similar to that of ferrocene and properties of ruthenocene different from ferrocene have also been reported \[[@B4-molecules-10-00708]\].

The changes in the electronic absorption spectrum of the metallocene-doped PMMA thin films containing chloroform molecules as impurities were studied by monitoring the change in the electronic absorption spectrum of the thin films upon photoexcitation. Electronic absorption spectra of the thin films were recorded before and after photoexcitation in dry nitrogen atmosphere at room temperature (\~300 K). The photoexcitations were made very systematically at an interval of few nanometers in the spectral range 210--750 nm. Dependence of the photoinduced changes upon (i) photoexcitation wavelength, (ii) time (duration) of photoexcitation, (iii) amount of metallocene in the film and (iv) amount of chloroform in the film were studied. The effects, of the substitution group (attached to the ferrocene unit) as well as the effect of the central metal atom present in the metallocene, on the photoinduced changes were investigated. The PMMA film acts as a matrix to hold on the sample and solvent molecules together in the solid phase. Recent studies in our laboratory \[[@B38-molecules-10-00708],[@B39-molecules-10-00708],[@B40-molecules-10-00708]\] have shown that photoinduced charge-transfer occurs between metallocenes and chloroform molecules confined in PMMA thin films i.e. photooxidation of metallocenes in the presence of chloroform molecules is possible in the PMMA matrix. In this present article the overall results on the topic are discussed.

Results and Discussion
======================

Electronic absorption spectra of metallocene-doped PMMA thin films containing chloroform molecules
--------------------------------------------------------------------------------------------------

Curve-1 of [Figure 1](#molecules-10-00708-f001){ref-type="fig"} shows the electronic absorption spectrum of PMMA film containing chloroform molecules and the spectrum for this film after photoexcitation is shown in curve-2, [Figure 1](#molecules-10-00708-f001){ref-type="fig"}. It is seen from curve-1 that the spectrum for PMMA film containing chloroform molecules without photoexcitation shows an absorption band at \~ 270 nm with an indication of a very weak broad band around 330 nm. The spectrum after photoexcitation shows (curve-2) an enhancement in intensity of the spectrum. To get the position of the new absorption bands (if any) appeared due to photoexcitation, a difference in the absorption spectra (spectrum after photoexcitation minus spectra before photoexcitation) was considered. The difference in the electronic absorption spectrum for PMMA film containing chloroform molecules is shown in [Figure 1](#molecules-10-00708-f001){ref-type="fig"} (b), which indicates that photoexcitation increases the intensity of the electronic absorption spectrum of PMMA film containing chloroform molecules.

Electronic absorption spectrum of a ferrocene-doped PMMA thin film containing chloroform molecules before photoexcitation shows (curve-1, [Figure 2](#molecules-10-00708-f002){ref-type="fig"}(a)) that it has clear absorption bands at *ca.* 325 and 440 nm and a broad band around 270 nm.

![(a) Electronic absorption spectrum of PMMA thin film containing chloroform molecules: curve-1, without any photoexcitation; curve-2, after photoexcitation for 20 min by a radiation of wavelength of 270 nm. Concentration of PMMA solution in chloroform: 4.17 x 10 ^--3^ M. (b) Difference in electronic absorption spectra: curve-2 minus curve-1 of Fig. (a).](molecules-10-00708-g001){#molecules-10-00708-f001}

![(a) Curve-1, electronic absorption spectrum of a ferrocene-doped PMMA thin film containing chloroform molecules before photoexcitation. Amount of ferrocene in the film: 2.58 x 10^-7^ M. Curve-2, electronic absorption spectrum of ferrocene-doped PMMA thin film containing chloroform molecules after photoexcitation by wavelength of 270 nm for 20 min. (b) Difference in the electronic absorption spectra (curve-2 minus curve-1 of [Figure 2](#molecules-10-00708-f002){ref-type="fig"}a) of ferrocene-doped PMMA thin film containing chloroform molecules. Photoexcitation by a wavelength of 270 nm for 20 min.](molecules-10-00708-g002){#molecules-10-00708-f002}

Absorption spectrum of this ferrocene-doped PMMA film after photoexcitation by a radiation of wavelength 270 nm shows (curve-2 in [Figure 2](#molecules-10-00708-f002){ref-type="fig"}(a)) absorption bands at *ca*. 270, 315, 362, 440 and 620 nm. A difference in the absorption spectra of ferrocene-doped PMMA thin film is shown in [Figure 2](#molecules-10-00708-f002){ref-type="fig"} (b), which indicates the photoinduced changes in the spectrum. The appearance of the new bands at about 290, 315, 362 and 620 nm after photoexcitation is evident from [Figure 2](#molecules-10-00708-f002){ref-type="fig"}(a) and [Figure 2](#molecules-10-00708-f002){ref-type="fig"}(b).

Electronic absorption spectra of PMMA thin films containing chloroform molecules as impurities and doped with different metallocenes were recorded before photoexcitation as well as after photoexcitation. Significant changes in the spectra were noticed depending on the metallocene used. Such spectra have shown clearly that the new absorption bands appeared as a result of photoexcitation on the metallocene-doped PMMA thin films containing chloroform molecules. The changes in spectra in the case of ferrocene, acetylferrocene and ruthenocene are shown in [Figure 3](#molecules-10-00708-f003){ref-type="fig"}. Similar to ferrocene, in the case of acetylferrocene and ruthenocene, the appearance of few new absorption bands as a result of photoexcitation is observed from [Figure 3](#molecules-10-00708-f003){ref-type="fig"}. However, due to photoexcitation, no new absorption band appeared for ferroceneacetic acid and benzoylferrocene; only a small enhancement in the intensity of the original bands occured. In contrast to the case of ruthenocene, as a result of photoexcitation new band/s was /were not observed in the case of cobaltocene and nickelocene. In the case of cobaltocene a small decrease in absorbance (mainly in the UV region) was noticed as a result of photoexcitation whereas in the case of nickelocene a slight increase in absorbance (around 220 nm) after photo-excitation was observed. These observations indicated the photodecomposition of cobaltocene and no significant change in the case of nickelocene under photoexcitation.

The positions of the absorption bands in the electronic absorption spectrum of different metallocene-doped PMMA thin films containing chloroform molecules recorded without photoexcitation and the peak positions of the absorption bands appeared as a result of photoexcitation are shown in the [Table 1](#molecules-10-00708-t001){ref-type="table"}.

Action spectra of the photoinduced changes of metallocene -doped PMMA films
---------------------------------------------------------------------------

The effects of photoexcitation on the electronic absorption spectra of metallocene-doped PMMA thin films containing chloroform molecules were studied as a function of photoexciting wavelength at an interval of few nanometers in the spectral range 210-750 nm. The observed photoinduced changes were observed to depend drastically on the photoexcitation wavelength. Action spectra (plot of change in absorbance of a particular absorption band vs. photoexcitation wavelength) for the photoinduced changes in the case of some metallocene-doped PMMA thin films containing chloroform molecules are shown in [Figure 4](#molecules-10-00708-f004){ref-type="fig"}. Photoexcitations were performed upto a wavelength of 750 nm but in general there was practically no change in the values of absorbance in each individual spectrum with respect to the photoexcitation wavelength higher than *ca.* 600 nm. The peak positions of the action spectrum for various metallocenes were observed to lie in the UV region near the strong absorption band of the corresponding metallocene in the UV region (as shown in [Table 2](#molecules-10-00708-t002){ref-type="table"}).

![Change in the electronic absorption spectra (after photoexcitation minus before photoexcitation) of metallocene-doped PMMA thin films containing chloroform molecules after photoexcitation: (a) curves 1 and 2 represent ferrocene (left scale) and acetylferrocene (right scale), respectively for photoexcitation by a radiation of wavelength 270 nm for 20 min. Concentration of ferrocenes: 1.33 mole/mole of PMMA; (b) represents ruthenocene; photoexcitation for 20 min by a radiation of wavelength of 252 nm. Concentration of ruthenocene in the film: 1.35 mole/mole of PMMA. Concentration of PMMA solution in chloroform: 4.17 x 10 ^--3^ M.](molecules-10-00708-g003){#molecules-10-00708-f003}

![Action spectrum: the change in absorbance vs. photoexcitation wavelength for metallocene-doped PMMA films containing chloroform molecules. Curves 1-3 represent action spectrum for ferrocene, ruthenocene and acetylferrocene doped PMMA films containing chloroform molecules. Measured absorbance at 362 nm and 352 nm for ferrocene and acetylferrocene, respectively; concentration of ferrocenes: 1.33 mole / mole of PMMA. Photoexcited for 20 min. Absorbance measured at 369 nm for ruthenocene; photoexcited for 15 min., concentration of ruthenocene: 1.35 mole / mole of PMMA. The arrows indicate the scale used.](molecules-10-00708-g004){#molecules-10-00708-f004}

molecules-10-00708-t001_Table 1

###### 

Position of the absorption bands recorded for metallocene-doped PMMA thin films

  -------------------------- --------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------
  Materials                  Positions of the absorption bands (nm) before photoexcitation   Peak positions of the new absorption bands (appeared after photoexcitation) in the difference spectrum (nm)
  Ferrocene                  440, 325, 270, 220                                              620, 362, 315, 290
  Ferrocenemethanol          427, 328, 266, 222                                              642, 362, 318, 300
  Ferrocenecarbaldehyde      454, 370, 329, 269, 229                                         608, 317, 295
  Ferrocenecarboxylic acid   441, 354, 305, 261, 221                                         590, 362, 321, 288
  Acetylferrocene            450, 327, 265, 227                                              541, 352, 318, 293
  Ferroceneacetic acid       467, 340, 270, 225                                              No new band
  Benzoylferrocene           468, 356, 278, 241                                              No new band
  Ruthenocene                320, 281, 273, 245                                              410, 369, 347, 285, 260
  -------------------------- --------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------

molecules-10-00708-t002_Table 2

###### 

Peak position of the action spectrum for the photoinduced changes, peak position of the strong absorption band at UV region and the position of the CT-band for the photoinduced charge-transfer between metallocene and chloroform molecules confined in the PMMA matrix.

  -------------------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------------------- --------------------------
  Materials\                 Peak position of the action spectrum for the photoinduced changes (nm)   Peak position of the strong absorption band of the metallocenes around 245-270 (nm)   Position of CT band (nm)
  studied                                                                                                                                                                                   

  Ferrocene                  261                                                                      261                                                                                   315

  Ferrocenemethanol          270                                                                      266                                                                                   318

  Ferrocenecarboxylic acid   270                                                                      261                                                                                   321

  Acetylferrocene            260                                                                      265                                                                                   318

  Ferrocenecarbaldehyde      260                                                                      269                                                                                   317

  Ruthenocene                250                                                                      245                                                                                   281
  -------------------------- ------------------------------------------------------------------------ ------------------------------------------------------------------------------------- --------------------------

The variation in absorbance for all the new bands (for a particular metallocene) with photoexcitation wavelength was almost similar in nature. Considering the response to the photoinduced changes as 100% for ferrocene, from the corresponding action spectrum, the relative response of different metallocenes was estimated, as represented in [Table 3](#molecules-10-00708-t003){ref-type="table"}.

Dependence of the photoinduced changes on the time (duration) of photoexcitation on metallocene-doped PMMA thin films containing chloroform molecules
-----------------------------------------------------------------------------------------------------------------------------------------------------

Changes in the electronic absorption spectra of metallocene-doped PMMA thin films containing chloroform molecules were studied as a function of time (duration) of photoexcitation \[[@B39-molecules-10-00708],[@B40-molecules-10-00708]\]. For such studies, photoexcitation in the case of a particular metallocene was done by the radiation showing significant photoresponse for the particular material. In fact, radiation of 270 nm for ferrocene, ferrocenemethanol and ferrocenecarboxylic acid; radiation of 260 nm for ferrocenecarbaldehyde and acetylferrocene; and radiation of 252 nm for ruthenocene were selected. Metallocene-doped PMMA films were prepared from the solution of PMMA in 100% chloroform and the concentration of metallocenes was kept almost fixed. [Figure 5](#molecules-10-00708-f005){ref-type="fig"} (a) shows the spectral changes for few representative values of photoexcitation time in the case of acetylferrocene. Enhancement in the intensity of the new bands with time of photoexcitation is noticed from [Figure 5](#molecules-10-00708-f005){ref-type="fig"} (a).

![(a) Changes in the electronic absorption spectra of acetylferrocene-doped PMMA films containing chloroform molecules for different time (duration) of photoexcitation (by 260 nm); curves 1-4 refer to photoexcitation time 5, 10, 20 and 40 min, respectively. Concentration of acetylferrocene in the films: 1.33 mole / mole of PMMA. (b) Plots of change in absorbance at 352 nm vs. photoexcitation time.](molecules-10-00708-g005){#molecules-10-00708-f005}

In [Figure 5](#molecules-10-00708-f005){ref-type="fig"} (b), a plot of the change in absorbance of the band at 352 nm vs. photoexcitation time is represented; which shows that the change in absorbance increases almost linearly with increasing time of photoexcitation upto about 10 min and for higher values of photoexcitation time it tends to a saturation value. Similar changes in absorbance with the photoexcitation time were also observed for other absoption bands for acetylferrocene. In general, the absorbance of the new bands showed an initial increase with increasing photoexcitation time followed by a saturation or tendency of saturation in the working range of the photoexcitation time under study. The amount of the change in absorbance and the time required for attaining saturation were observed to depend significantly on the nature of the metallocene used. For ferrocene, the saturation in the changes in absorbance was attained for the photoexcitation of about 40 min. In the cases of ferrocene derivatives, within the photoexcitation time of 60 min saturation in the changes in absorbance was not attained but a tendency of saturation was noticed. In the case of ruthenocene, for the photoexcitation time upto about 30 min the change in absorbance was almost linear, after that the change in absorbance was slower than the initial rate of change in absorbance with photoexcitation time.

Dependence of the photoinduced changes on the amount of metallocene in the metallocene-doped PMMA thin films containing chloroform molecules
--------------------------------------------------------------------------------------------------------------------------------------------

Dependence of the photoeffects on the amount of metallocene in the metallocene-doped PMMA films (containing chloroform molecules) was studied by using photoexcitation at a fixed wavelength and keeping all other parameters fixed \[[@B39-molecules-10-00708],[@B40-molecules-10-00708]\]. In [Figure 6](#molecules-10-00708-f006){ref-type="fig"}(a), the representative plots for the spectral changes with the amount of metallocene in the PMMA film (containing chloroform molecules) are shown in the case of acetylferrocene. The plot of the change in absorbance of the new band at 352 nm vs. amount of acetylferrocene in the film is shown in [Figure 6](#molecules-10-00708-f006){ref-type="fig"}(b).

![(a) Changes in the electronic absorption spectra for acetylferrocene-doped PMMA thin films containing chloroform molecules for different concentration of acetylferrocene in the film. Curves 1-4 refer to concentration of acetylferrocene 0.22, 0.56, 0.78 and 1.33 mole / mole of PMMA, respectively. Photoexcited by a radiation of wavelength 260 nm for 20 min. (b) Plots of change in absorbance of the band at 352 nm vs. concentration of acetylferrocene in the film of PMMA containing chloroform molecules.](molecules-10-00708-g006){#molecules-10-00708-f006}

This figure shows that up to certain amount of acetylferrocene, intensity of the new band increases with increasing amount of acetylferrocene in the film. For further increasing amount of acetylferrocene in the film, the intensity of the band tends to decrease a little and then attains almost a saturation value at higher values of the amount of acetylferrocene in the film. Similar changes in absorbance with the amount of acetylferrocene in the film were also observed for other absoption bands. The amount of changes in absorbance after photoexcitation upon the metallocene-doped PMMA films (containing chloroform molecules) were noticed to depend significantly on the nature of metallocene used. But the general profile showing the change in absorbance versus concentration of the metallocene in the film was almost similar (as in [Figure 6](#molecules-10-00708-f006){ref-type="fig"}(b)) for the different metallocenes.

Interestingly it was noticed that in most cases the maximum photoresponse was observed for a concentration of the metallocene in the PMMA film at a value nearly 1.3 mole/mole of PMMA. In the case of ferrocene and its other derivatives, saturation in the change in absorbance with increasing concentration was observed at higher values of concentration (as in [Figure 6](#molecules-10-00708-f006){ref-type="fig"}(b)). However, in the case of ruthenocene, for the higher values of concentration (same range), no saturation in the change in absorbance was observed and a steady decrease in absorbance with increasing concentration was recorded \[[@B40-molecules-10-00708]\].

Dependence of the photoinduced changes on the amount of chloroform in the metallocene-doped PMMA thin films containing chloroform molecules
-------------------------------------------------------------------------------------------------------------------------------------------

To study the dependence of the photoeffects on the amount of chloroform molecules left over in the PMMA films (doped with a fixed amount of a metallocene), the metallocene-doped PMMA films were prepared by using the mixtures of solvents benzene and chloroform of various proportions. [Figure 7](#molecules-10-00708-f007){ref-type="fig"}(a) shows the spectral changes with increasing amount of chloroform (i.e. increasing percentage of chloroform in the solvent mixture) used for the preparation of a acetylferrocene-doped PMMA film (hence with increasing amount of chloroform left over in the film) for photoexcitation at 260 nm for 20 min.

![(a) Changes in the electronic absorption spectra for acetylferrocene-doped PMMA films prepared from mixtures of solvents (benzene and chloroform) in various proportions; curves 1-4 refer 20, 40, 60 and 100% chloroform, respectively. Photoexcited by a radiation of wavelength 260 nm for 20 min. Concentration of acetylferrocene: 1.33 mole/mole of PMMA. (b) Plots of change in absorbance at 352 nm vs. amount of chloroform (%) in the acetylferrocene-doped PMMA thin films](molecules-10-00708-g007){#molecules-10-00708-f007}

It should be mentioned here that the metallocene-doped PMMA films prepared from benzene did not show any new absorption band after photoexcitation (not shown). In [Figure 7](#molecules-10-00708-f007){ref-type="fig"}(b), a plot of the change in absorbance at 352 nm vs. amount of chloroform (%) is shown which shows that the observed photoeffects depend significantly on the amount of chloroform present in the film. Similar changes in absorbance with the amount of chloroform in the film were also observed for other absoption bands.

The amount of changes in absorbance after photoexcitation on the metallocene-doped PMMA films containing different amounts of chloroform molecules were noticed to depend significantly on the nature of metallocene used. There was difference in the profile for the change in absorbance versus amount of chloroform in the metallocene-doped PMMA films. In the case of ferrocene, a steady rise in the change in absorbance was noted upto about 40% chloroform, after that almost saturation in absorbance with increasing amount of chloroform in the film was noted.

For ferrocenemethanol, a steady rise in the absorbance was observed upto about 60% chloroform in the film; thereafter changes in absorbance were tending towards saturation. In the case of other ferrocene derivatives under study as well as ruthenocene, steady rise in absorbance with increasing amount of chloroform in the film was observed upto 80% chloroform in the film, after that the change in absorbance was tending towards the saturation value. Studies on the changes in the spectra as a function of time (duration) of photoexcitation, amount of metallocene in the film and the amount of chloroform present in the film show that such changes are systematic and must have some physical basis.

Assignment of the absorption bands that appeared due to photoexcitation of metallocene-doped PMMA thin films containing chloroform molecules
--------------------------------------------------------------------------------------------------------------------------------------------

The absorption bands appeared at 325 nm and 440 nm in the electronic absorption spectrum (curve 1 of [Figure 2](#molecules-10-00708-f002){ref-type="fig"}(a)) of ferrocene-doped PMMA film containing chloroform molecules (without photoexcitation) are the intramolecular absorption bands of ferrocene, appeared due to the coordinate linkage between iron atom and cyclopentadienyl ring \[[@B4-molecules-10-00708],[@B11-molecules-10-00708]\]. Solutions of ferrocene in halocarbon solvents, chloroform and carbontetrachloride after photoexcitation have shown \[[@B10-molecules-10-00708],[@B14-molecules-10-00708]\] new absorption maxima at 290, 362 and around *ca.* 620-627 nm. It is well known that the band at 620-627 nm originates due to ferricenium ion, and the bands at 362 nm and 290 nm appear due to organic radical cations formed due to photoreaction \[[@B10-molecules-10-00708],[@B14-molecules-10-00708]\]. It has been reported \[[@B14-molecules-10-00708]\] that a broad absorption band appeared at about 307 nm in the solution of ferrocene in carbontetrachloride after photoexcitation originates due to ferrocene-to-solvent-charge-transfer transition. The band appeared at *ca.* 620 nm in the absorption spectrum ([Figure 2](#molecules-10-00708-f002){ref-type="fig"}(b)) after photoexcitation of ferrocene-doped PMMA film containing chloroform molecules is the characteristic absorption band of ferricenium cation (FcH^+^) \[[@B10-molecules-10-00708],[@B14-molecules-10-00708]\]. Formation of ferricenium cation indicates the dissociation of charge-transfer complex between ferrocene (as donor) and chloroform (as acceptor) confined in PMMA film. The band appeared at 362 nm in the absorption spectrum of ferrocene-doped PMMA film containing chloroform molecules after photoexcitation is also caused by the formation of some organic radical cation (R.). The band appeared at 315 nm in the absorption spectrum discussed earlier is possibly the CT band, appeared due to the photoinduced transfer of charge from ferrocene to chloroform molecules confined in the PMMA film.

Similar to the absorption band at 325 nm and 440 nm of ferrocene-doped PMMA thin film, the bands appeared around 327-329 nm and around 427-450 nm in the electronic absorption spectrum of ferrocene derivative-doped PMMA films containing chloroform molecules (without photoexcitation) are the intramolecular absorption bands appeared due to the coordinate linkage between iron atom and cyclopentadienyl ring \[[@B4-molecules-10-00708],[@B11-molecules-10-00708]\]. The absorption band appeared in the range 590-642 nm, depending on the nature of the ferrocene derivative, is the characteristic absorption band of the corresponding cation (similar to FcH^+^) for the derivative used. Formation of such cations indicates the dissociation of charge-transfer complex between the ferrocene derivative (as donor) and chloroform (as acceptor) confined in the PMMA film. The bands appeared in the range 288-300 nm and 352-362 nm in the absorption spectra of ferrocene derivative-doped PMMA films containing chloroform molecules after photoexcitation is caused by the formation of some organic radical cation (R.), as observed in the case of solution of ferrocene in chloroform \[[@B10-molecules-10-00708],[@B14-molecules-10-00708]\]. The band appeared at *ca.* 318, 317, 321, and 318 nm for ferrocenemethanol, ferrocenecarbaldehyde, ferrocenecarboxylic acid and acetylferrocene, respectively ([Table 1](#molecules-10-00708-t001){ref-type="table"}) in the electronic absorption spectrum after photoexcitation is possibly the CT band, appeared as a result of the photoinduced transfer of charge from ferrocene derivative to chloroform molecules confined in the PMMA film.

The photochemistry of ruthenocene in the solution phase has been independently reported by the two groups of workers \[[@B36-molecules-10-00708],[@B37-molecules-10-00708]\]. The two reports are remarkably consistent with the photochemistry of ruthenocene paralleling that of ferrocene \[[@B4-molecules-10-00708]\]. According to Traverso et al \[[@B36-molecules-10-00708]\] ruthenocene-halocarbon solution were stable in the dark for a long period when these solutions were irradiated with 280 nm light \[[@B36-molecules-10-00708]\], an increase in absorbance with maximum at 320 nm could be observed after a short irradiation time. The spectral behavior showing absorption band at 320 nm, is indicative of the formation of ruthenocenium cation. It was concluded \[[@B36-molecules-10-00708]\] that halocarbon solvents appear to form charge-transfer complexes with ruthenocene, where ruthenocene acts as the donor molecule and the halocarbon solvents are the acceptors. Ruthenocene in halocarbon solvents exhibits a new band of charge-transfer-to-solvents (CTTS) type at 285 nm for carbontetrachloride. In our study \[[@B40-molecules-10-00708]\] on the ruthenocene-doped PMMA films containing chloroform molecules, the appearance of the absorption band at *ca.* 281 nm before photoexcitation (an absorption band around 285 nm after photoexcitation, as shown in [Figure 3](#molecules-10-00708-f003){ref-type="fig"}(b)), indicates that in the solid films also CT-complex is formed between ruthenocene and the chloroform molecules contained in the PMMA film. Interestingly in the case of ruthenocene CT- complex was formed between ruthenocene and the chloroform molecules contained in the PMMA film before photoexcitation and upon photoexcitation the above-mentioned CT-complex formation was enhanced. In our study, we could detect absorption band at 320 nm (indicative of the formation of ruthenocenium cation) for the ruthenocene-doped PMMA films both before as well as after photoexcitation. The band appeared at 369 nm could be due to the formation of organic radical cation as a result of photooxidation \[[@B10-molecules-10-00708],[@B14-molecules-10-00708]\] of ruthenocene in the PMMA matrix. The observation of other new bands appeared at about 260, 347 and 410 nm in the spectrum of ruthenocene-doped PMMA films containing chloroform molecules could be due to the species formed as a result of photoreaction. The position of the CT bands appeared as a result of photoexcitation upon the metallocene-doped PMMA thin films containing chloroform molecules is shown in [Table 2](#molecules-10-00708-t002){ref-type="table"}. The assignment of some absorption bands as CT bands, discussed above, was confirmed by the application of Mulliken's theory for the formation of a charge-transfer complex \[[@B41-molecules-10-00708]\], which is discussed in the following section.

According to Mulliken's theory for the formation of a charge-transfer complex, to a first approximation, one can relate the energy of the charge-transfer band with the ionization potential of the donor and the electron affinity of the acceptor molecule by the linear relation \[[@B41-molecules-10-00708]\] where hυ~CT~ is the energy of the lowest-energy intermolecular charge-transfer band, I~D~^V^ is the vertical ionization potential of the donor, E~A~^V^ is the vertical electron affinity of the acceptor and C~1~ is a constant. The relationship between the ionization potentials of two donors and the values of hυ~CT~, corresponding to their charge-transfer complexes with a common acceptor, assuming that the C~1~ values do not differ much in the two complexes, can be written as:

From eqn.2, one can estimate the value of ionization potential/ energy of donor-2 if the ionization potential/ energy of the donor-1 and the associated values of the υ~CT~ are known. We have estimated the values of the ionization energy of ruthenocene from eqn.2 by assuming I~D~ (donor-1) to be 6.88 eV for ferrocene \[[@B42-molecules-10-00708]\] and considering the CT band for ferrocene-chloroform complex \[[@B38-molecules-10-00708]\] at 315 nm (hυ~CT~ (1) = 3.93 eV). The consideration of the CT band for the ruthenocene-chloroform complex formed without photoexcitation, at 281 nm (hυ~CT~ (2) = 4.41 eV), and at 285 nm (hυ~CT~ (2)= 4.35 eV) for ruthenocene-chloroform complex formed after photoexcitation in the PMMA film gives the estimated value of ionization energy of ruthenocene as 7.36 and 7.30 eV, respectively. The estimated value of ionization energy of ruthenocene agrees excellently with the reported value \[[@B42-molecules-10-00708]\] of ionization energy (7.45 eV) of ruthenocene. This agreement supports the idea that the band at 281 nm (at 285 nm after photoexcitation) in the electronic absorption spectra of ruthenocene-doped PMMA in the presence of chloroform molecules appears due to the charge-transfer complex formation between ruthenocene and chloroform molecules. As the values of ionization energy (measured under identical conditions) of the other metallocenes under study were not available in the literature, the estimated values of ionization energy of the other metallocenes could not be compared with the experimental value. Again, the nature of changes in absorbance with concentration of metallocene and amount of chloroform molecules in the PMMA film (as shown for acetylferrocene in [Figure 6](#molecules-10-00708-f006){ref-type="fig"}(b) and [Figure 7](#molecules-10-00708-f007){ref-type="fig"}(b), respectively) is quite usual as observed in the case of change in absorbance of a charge-transfer band or a band of any other ion formed as a result of formation of a charge-transfer complex. These results add further credence to the concept of formation of charge-transfer complex between metallocene and chloroform molecules present in the PMMA films.

Mechanism of photoinduced changes
---------------------------------

From the discussion in the previous sections it appears that the primary step in the photoprocess is the dissociation of the charge- transfer state to give FcH^+^ cation for ferrocene and similar cations for the other metallocenes, Cl^-^ and organic radical ion (CHCl~2~**.**) \[[@B4-molecules-10-00708]\]. On the basis of the results one could consider the following primary photochemical process:

(Fc denotes (C~5~H~5~)Fe(C~5~H~4~-) and R~1~ stands for --H, --CH~2~OH, -CHO, -COOH and -COCH~3~ for ferrocene, ferrocenemethanol, ferrocenecarbaldehyde, ferrocenecarboxylic acid and acetylferrocene, respectively) for the formation of ferricenium ion and ions similar to the ferricenium ion for the ferrocene derivatives. This process occurs through charge-transfer excitation.

The mechanism of the photooxidation of ruthenocene is similar to that of ferrocene \[[@B4-molecules-10-00708]\]. For the short irradiation periods, the primary reaction can be represented \[[@B36-molecules-10-00708]\] as

In fact, the real mechanism of the photoinduced processes involved is much complicated and it is not possible to monitor this from the present spectral studies only. In addition to the primary photochemical process some secondary thermal process induced by CHCl~2~ radical may take place; which is not easily definable. In an environment free from oxygen (as in the present experiment photoexcitation was performed in nitrogen atmosphere), CHCl~2~ radical could act in two different ways: (i) it could directly cause oxidation of the metallocene to the corresponding cation \[[@B14-molecules-10-00708]\] or (ii) it could produce its tetrachloride reacting with intermediate species formed \[[@B4-molecules-10-00708]\]. It should be mentioned here that in the presence of oxygen (during measurement of spectra in the normal environment) the CHCl~2~ radical could react with molecular oxygen to give intermediate species capable of oxidizing the metallocenes \[[@B14-molecules-10-00708]\]. In the present experiment (as mentioned earlier) for relatively longer period of photoexcitation, the photoeffects have been observed to deviate from the linearity (as shown in [Figure 5](#molecules-10-00708-f005){ref-type="fig"}(b)). This deviation from the linearity indicates that a secondary thermal process must have taken place, as discussed above.

After recording the absorption spectrum for a photoexcited ferrocene-doped PMMA film, the film was kept in air and the changes in absorption spectrum was checked as a function of time. Fluctuations in absorbance associated with the time-dependent changes in its value under various experimental conditions such as varying the duration of photoexcitation, photoexcitation wavelength and concentration of ferrocene in the PMMA films \[[@B43-molecules-10-00708]\] were noticed. With increasing time after ceasing the photoexcitation, the nature of observed gross change in absorbance \[[@B43-molecules-10-00708]\] is a clear indication for the change in the concentration of ions, radicals and other species formed due to secondary reactions. The observed fluctuations in absorbance seem to indicate the diffusion of small chemical species in polymer matrix and its thickness determine the time scale of observed fluctuation \[[@B43-molecules-10-00708]\]. Similar studies in the case of other metallocenes will be carried out in the future.

Effects of the substituent group attached to the ferrocene unit on the photoinduced changes
-------------------------------------------------------------------------------------------

The maximum relative photoresponse of different ferrocene derivatives presented in [Table 3](#molecules-10-00708-t003){ref-type="table"} shows that photoresponse of ferrocene derivatives decreases relative to ferrocene in the order ferrocene-methanol, ferrocenecarboxylic acid, acetylferrocene and ferrocenecarbaldehyde, respectively. The effects of substituent groups in many chemical reactions are related systematically to the Hammett substituent constant \[[@B44-molecules-10-00708]\] of the substituents. The para Hammett constant (σ~P~) values for the substituents in Fc(COOH), Fc(COCH~3~) and Fc(CHO) (secondary Hammett constant, σ~p~) are reported \[[@B45-molecules-10-00708]\] to be 0.45, 0.502 and 0.522, respectively. The para Hammett constant (σ~P~) value for the substituent in Fc(CH~2~OH) is not known. But, the Hammett substituent constant for the substituent CH~2~OH is reported \[[@B46-molecules-10-00708]\] to be 0.00. The σ~P~ values take into consideration all of the interactions between the substituent groups and the FcH nucleus. From [Table 3](#molecules-10-00708-t003){ref-type="table"}, it is interesting to note that the photoresponse of ferrocene derivatives decreases with increasing σ~P~. Again, the photoinduced charge-transfer mentioned earlier is expected to depend on the ionization potential of ferrocene derivatives, which is not known. The values of half-wave potential (which is linearly related to ionization potential) associated with the transfer of electron between platinum electrode and the ferrocene derivatives were measured (shown in [Table 3](#molecules-10-00708-t003){ref-type="table"}) by cyclic voltametry. The photoresponse in the ferrocene derivatives has been observed to decrease with increasing value of half-wave potential.

molecules-10-00708-t003_Table 3

###### 

Relative photoresponse due to photoexcitation in some metallocenes confined in PMMA films containing chloroform molecules.

  -------------------------- --------------------------- ---------------------------------------------------------- ---------------------------------------------------
  Materials\                 Relative photoesponse (%)   Half-wave potential at 298K in acetonitrile vs. SCE (mv)   Value of para Hammett Substituent constant (σ~p~)
  studied                                                                                                           

  Ferrocene                  100                         394                                                        0.00

  Ferrocenemethanol          52.50                       395                                                        0.00

  Ferrocenecarboxylic acid   16.25                       643                                                        0.45

  Acetylferrocene            13.75                       655.5                                                      0.502

  Ferrocenecarbaldehyde      13.00                       700.5                                                      0.522
  -------------------------- --------------------------- ---------------------------------------------------------- ---------------------------------------------------

Effect of the central metal atom in the metallocene on the photoinduced changes
-------------------------------------------------------------------------------

Experimental results \[[@B40-molecules-10-00708]\] have indicated the occurrence of charge-transfer between some metallocenes (ferrocene, its some derivatives and ruthenocene) and chloroform molecules confined in the PMMA films. But the occurrence of charge-transfer between cobaltocene / nickelocene and chloroform molecules confined in the PMMA films was not observed \[[@B40-molecules-10-00708]\]. In fact, photodecomposition of cobaltocene in the PMMA film containing chloroform molecules has been indicated from the photoinduced changes in the electronic absorption spectra of the material. In contrast, no significant photoinduced changes in the electronic absorption spectra of nickelocene-doped PMMA films containing chloroform molecules have been noticed. The observed results can be discussed on the basis of the electronic configuration \[[@B47-molecules-10-00708]\] of the metallocenes under study. Ferrocene and ruthenocene are known as d^6^ metallocenes with eighteen valence electrons. Cobaltocene is known as d^7^ metallocene with nineteen valence electrons and nickelocene is known as d^8^ metallocene with twenty valence electrons. It is interesting to note that ferrocene with "18 valence electrons" form photoinduced charge transfer with the chloroform molecules present in the PMMA film and ruthenocene, also with "18 valence electrons", forms charge transfer (without photoexcitation) with the chloroform molecules present in the PMMA film. As a result of photoexcitation on the ruthenocene-doped PMMA film containing chloroform molecules further photooxidation of ruthenocene in PMMA film was noticed. Metallocenes with nineteen and twenty valence electrons, cobaltocene and nickelocene, respectively, have shown entirely different photoeffects, as mentioned earlier. Further studies are required for clear understanding why metallocenes with "18 valence electrons" are active for photoinduced charge-transfer i.e. photooxidation in the PMMA matrix while metallocenes with nineteen and twenty valence electrons do not show such a photoactivity.

Photoconductivity in metallocene-doped PMMA thin films containing chloroform molecules and the role of photooxidation of metallocenes in the polymer matrix
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Ferrocene-doped PMMA thin films prepared from the solution in chloroform and mixture of chloroform and benzene of different proportions, and modified under photoexcitation have exhibited interesting photoswitching property \[[@B48-molecules-10-00708]\] monitored by photoconductivity measurements in air. It has been concluded \[[@B48-molecules-10-00708]\] that the photogenerated charge carriers in the films after the initial photoexcitation were controlled by competing processes of photodegradation of PMMA and the secondary thermal reaction following the dissociation of the charge transfer complex in the polymer matrix.

Measurements of photoconductivity and the conductivity after ceasing the photoexcitation (in the nitrogen environment) in the case of ferrocene-doped PMMA films containing chloroform molecules, prepared under different humid conditions, have shown persistence in photoconductivity as well as the persistence of the photoinduced effects for longer time after ceasing the photoexcitation \[[@B49-molecules-10-00708],[@B50-molecules-10-00708]\]. The occurrence of the photoinduced charge-transfer between ferrocene and chloroform molecules present in a PMMA film is expected to have an important role for the photoinduced change in the electrical conductivity of the ferrocene-doped PMMA thin film containing chloroform molecules. Some of the chemical species formed in the ferrocene-doped PMMA films as a result of photoexcitation were possibly acting as trapping centres for the photoexcited charge carriers \[[@B50-molecules-10-00708]\].

In addition, the photooxidation of ferrocene in PMMA film in the presence of chloroform molecules has shown enhanced photoconductivity \[[@B49-molecules-10-00708]\]. Similar to our observation \[[@B38-molecules-10-00708],[@B39-molecules-10-00708]\] on photooxidation of ferrocene in the presence of chloroform molecules confined in the PMMA thin film, Cyr *et. al.* \[[@B51-molecules-10-00708]\] have shown recently that irradiation of thin films of polyferrocenylsilane cast from chloroform solution with irradiation of UV light leads to photooxidation of ferrocene centres in the polymer main chain. The photooxidized polyferrocenylsilane material has been found to be photoconductive \[[@B52-molecules-10-00708]\] with enhanced photoconductivity similar to the report from our laboratory that the photooxidized ferrocene in the PMMA thin films leads to enhanced photoconductivity \[[@B49-molecules-10-00708]\]. Similar studies on the photoconductivity of other metallocenes are in progress.

Conclusions
===========

Photoexcitation by UV-radiations, in dry nitrogen atmosphere, on the metallocene-doped PMMA thin films containing chloroform molecules as impurities have resulted significant changes in the electronic absorption spectra of the films. Analysis of the results has indicated photooxidation of some metallocenes in the PMMA matrix (thin film). The action spectra for the photoinduced changes have indicated that such changes in each metallocene-doped PMMA thin film depend drastically on the photoexcitation wavelength. Studies on the changes in the spectra as a function of time (duration) of photoexcitation, concentration of metallocene in the film and amount of chloroform present / left over in the film have shown that such changes are systematic and must have some physical basis. Results have indicated the evidence of charge-transfer between some metallocenes and chloroform molecules confined in the PMMA film. Photodecomposition of cobaltocene in the PMMA film containing chloroform molecules has been indicated from the photoinduced changes in the electronic absorption spectra of the material. No significant photoinduced changes in the electronic absorption spectra of nickelocene in the PMMA film containing chloroform molecules have been noticed. In the case of ferrocene derivatives, the photoresponse has been observed to decrease with the increase in the value of para Hammett constant for the substituent in ferrocene unit and also with increasing half-wave potential for the ferrocene derivatives. Interestingly, it has been observed that photoeffects on metallocene with "18 valence electrons" favor photoinduced charge-transfer from the metallocene to the chloroform molecules present in the PMMA film (as in ferrocene and ruthenocene).

The photooxidation of ferrocene in PMMA film in the presence of chloroform molecules has shown (depending on the experimental conditions) enhanced photoconductivity, persistence in photoconductivity as well as the persistence of the photoinduced effects for longer time after ceasing the photoexcitation. Metallocene-doped PMMA films containing chloroform molecules may be useful as semiconducting / conducting polymer in optoelectronic devices.
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Experimental
============

General
-------

Ferrocene \[Fe(C~5~H~5~)~2~\] was obtained from Strem Chemicals, USA and the ferrocene-derivatives under study, as well as the samples of cobaltocene \[Co(C~5~H~5~)~2~\], nickelocene \[Ni(C~5~H~5~)~2~\] and ruthenocene \[Ru(C~5~H~5~)~2~\] were obtained from Aldrich, USA. The molecular structure of ferrocene and its derivatives under study is shown in [Figures 8](#molecules-10-00708-f008){ref-type="fig"}(a) and (b), respectively. The molecular structure of cobaltocene, nickelocene and ruthenocene is similar to that of ferrocene ([Figure 8](#molecules-10-00708-f008){ref-type="fig"}a); but in these cases the central metal atom (Fe) in the molecular structure is replaced by Co, Ni and Ru atoms, respectively. These materials were used after purification by repeated crystallization. The solvents used to prepare films, chloroform and benzene, were of spectroscopic grade (SRL, India) and these were used after distillation. Purity of the materials was checked by absorption spectroscopy. Poly(methyl methacrylate) (PMMA, av. m.w. 12,000, Eastman Organic Chemicals, USA) was used after standard purification. The molecular structure of PMMA is shown in [Figure 8](#molecules-10-00708-f008){ref-type="fig"}(c). Metallocene-doped poly(methyl methacrylate) thin films (thickness\~50μm) were prepared from the solution of the polymer in chloroform or benzene, as well as from mixtures of chloroform and benzene of various proportions by the solution casting technique. The amount of chloroform molecules left in a PMMA film prepared from pure chloroform was estimated to be ca. 2.5x10^-6^ mole. Details of the preparation of films and method of estimation of the chloroform molecules in a film have been discussed in the earlier communication \[[@B38-molecules-10-00708]\].

![Molecular structure: (a) ferrocene; (b) ferrocene derivatives, R represents −CH~2~OH, −CHO, −COOH, −COCH~3~, −CH~2~COOH and −COC~6~H~5~ for ferrocenemethanol, ferrocenecarbaldehyde, ferrocenecarboxylic acid, acetylferrocene, ferroceneacetic acid and benzoyl ferrocene, respectively; (c) poly(methyl methacrylate).](molecules-10-00708-g008){#molecules-10-00708-f008}

A Xe-source (Spectral Energy, USA) and a monochromator (Type-H-20-UV, Ins. SA, Division; Jobin Yvon, France) were used for obtaining monochromatic radiation of different wavelengths (210-750 nm) required for the photoexcitations. For the photoexcitation with visible light, a glass filter was used in the path of photoexciting beam before the monochromator to eliminate the second order diffraction light (UV) from the monochromatic light in the visible range. The photoexcitations were made in dry nitrogen atmosphere, if not mentioned otherwise. Electronic absorption spectra of the films were recorded by a UV-Vis Scanning Spectrophotometer, Model UV-2101PC (Shimadzu, Japan). A luxmeter (model: 5011, Aplab, India) was used to estimate the photon flux of the photoexcitation beam reaching the sample films. Estimated photon flux (corresponding to λ ≈ 270 nm) of the photoexcitation beam reaching the sample film was \~ 8.6 X 10^16^ quanta / m^2^ / sec. Half-wave potential of the samples were measured by cyclic voltammetry (EG&G PARC electrochemical analysis system, model (250/5/0)).
